Abstract: Standardized psychometric tests are sophisticated, well-developed, and consequential instruments; test outcomes are taken as facts about people that impact their lives in important ways. As part of an initial demonstration that human brain mapping techniques can add converging neural-level evidence to understanding standardized tests, our participants completed items from standardized tests during an fMRI scan. We compared tests for diagnosing posttraumatic stress disorder (PTSD) and the correlated measures of Neuroticism, Attachment, and Centrality of Event to a general-knowledge baseline test. Twenty-three trauma-exposed participants answered 20 items for each of our five tests in each of the three runs for a total of 60 items per test. The tests engaged different neural processes; which test a participant was taking was accurately predicted from other participants' brain activity. The novelty of the application precluded specific anatomical predictions; however, the interpretation of activated regions using meta-analyses produced encouraging results. For instance, items on the Attachment test engaged regions shown to be more active for tasks involving judgments of others than judgments of the self. The results are an initial demonstration of a theoretically and practically important test-taking neuroimaging paradigm and suggest specific neural processes in answering PTSD-related tests. Hum Brain Mapp 38:5706-5725, 2017.
INTRODUCTION
Standardized psychometric tests (STs) assume that people vary in fairly stable ways that can be assessed in a brief period of time on measures of their knowledge, abilities, traits, opinions, and health. Great effort and statistical sophistication go into the construction of these tests; they are often either the operational definition of the concept they measure or the best brief behavioral measure of it. The results of such tests are more than numbers. They are taken as facts about people that determine what schools they can attend, what jobs they can obtain, and what diagnoses they might be given. Among the standard tools used to better understand the constructs that tests measure are statistical analyses of test items, epidemiological studies of how test scores vary over populations, behavioral manipulations of the conditions under which tests are taken, and correlations of the test scores with behavior, neural structure, and neural function.
A neglected source of information about STs is the neuroimaging of the neural systems active when such tests are being taken. Such data could be especially useful because we already have a good theoretical understanding of the neural localization of many of the cognitive and emotional processes that are relevant to the taking of tests. If a literature of neural studies of STs emerged, more sophisticated comparisons directly related to specific tests and the conditions under which they are taken would become available. Between-and within-subject manipulations are also possible. For instance, the effects on neural processes of the stereotype manipulation of informing older adults that an ST of a cognitive ability was a measure of memory versus a measure of wisdom could be examined to see which neural processes the manipulation affected and which varied parametrically with performance on the ST. The existing knowledge from both the behavioral and neural levels make STs an ideal topic to integrate across these levels of analysis [Schwartz et al., 2016] .
Because of the relevance of PTSD to many areas and our previous contributions to it [Rubin et al., 2008 St. Jacques et al., 2011 , 2013 , we chose four extensively studied classes of STs that measure or are correlated with PTSD, including the Posttraumatic Stress Disorder Check List (PCL-5) [Weathers et al., 2013] , the Centrality of Events Scale (CES) Rubin, 2006, 2007] , Neuroticism [Costa and McCrae, 2008; John et al., 1991] , and Attachment [Mikulincer and Shaver, 2007] . The PCL-5 is one of the most commonly used screening tests for PTSD. Each of its 20 items closely follows the 20 symptoms of the diagnosis [American Psychiatric Association, 2013] . When a licensed clinician determines that a minimum number of these 20 symptoms related to a negative event is present in each of four categories, that they have serious effects on normal functioning, and that the event is a trauma, a PTSD diagnosis is given. The categories include intrusion symptoms related to recurrent intrusive memories or dreams and negative reactions to them, avoidance symptoms involving effort to prevent such memories, negative alterations in cognition or mood, and increased arousal. The CES measures the extent to which individuals construe a stressful or traumatic event as a central component of their narrative identity and sense of self. Items measure the extent to which a traumatic event colors how other events are viewed, signals a major turning point in the life story, and has become a core component of identity. The CES has strong empirical support in correlating with PTSD and symptoms of posttraumatic stress across a variety of participant samples and trauma types, even after controlling for other known risk factors of PTSD symptoms, such as anxiety, depression, and dissociation [Berntsen and Rubin, 2007; Rubin et al., 2014] .
Unlike the PCL and CES, Neuroticism and Attachment are not about reactions to single events. Of the small set of traits or dimensions commonly used to describe personality with STs [Costa and McCrae, 2008; John et al., 1991] , Neuroticism is the trait most often associated with psychological disorders in general and shows consistent correlations with PTSD . For instance, a review of 11 studies totaling 1,415 individuals found Neuroticism had an average correlation of 0.43 with PTSD symptom severity [Rubin et al., 2008] . Attachment refers to systematic patterns of expectations, beliefs, and emotions about the availability and responsiveness of close others during times of distress. Attachment originated from theories of development rather than personality [Bowlby, 1969; Mikulincer and Shaver, 2007] . Insecure attachment can include discomfort with close interpersonal relationships, persistent fear of interpersonal rejection or abandonment, and excessive concerns about and desire for proximity to close others. It can increase vulnerability to PTSD symptoms (Charuvastra and Cloitre [2008] and Ogle et al. [2015] for a review).
To control for the general processes involved in test taking, including reading, comprehension, decision-making, and responding, we included a test of General Knowledge. Participants agree or disagree with items such as "Sydney is the capital of Australia." We chose this task because it contains general information that does not depend on the context in which it was learned and is not about the participant. In addition, the items have little relevance to the psychopathology, personality, or the participant's general way of behaving. In terms of cognitive theory, it provides a semantic memory task to contrast with the STs, which are more episodic.
We could not find systematic attempts to measure STs during neuroimaging and therefore could not justify a priori anatomically specific hypotheses. There are studies analyzing how neural activity exhibited by individuals, who vary on their scores on STs, varies across different tasks. For STs such as the ones used here, these include tasks related to resting state [Brown et al., 2014] , autobiographical memory, and PTSD. These studies will be useful in forming hypotheses in future work once we can establish some basic results here. However, these tasks bear no direct relation to the neural processes involved in taking the STs, and so using them to form hypotheses about the neural basis of test taking is hard to justify. We therefore adopt the strategy of reporting our results with minimal speculation, interpreting neural activity using metaanalyses of neural activity related to particular areas or tasks rather than individual studies. That is, we use statistically rigorous descriptions followed by theoretically and empirically informed interpretations, while trying to avoid reverse inferences.
We begin with a pattern classification analysis testing whether differences in neural activity can be used to predict which test a participant is taking based on the activity of other participants. This analysis requires no a priori knowledge of the areas involved. Thus, we quantify the extent to which the STs engage different neural processes before proceeding with the more detailed analyses of activation within individual areas. Together, these analyses aim to characterize unique and shared processes engaged when taking STs.
METHODS

Participants
At the final session for an fMRI study of involuntary memory in PTSD, we recruited all participants who provided data to obtain participants who were familiar and comfortable with the fMRI environment. The study from which we recruited is similar to one we recently published [Hall et al., 2014] . In it participants learned pairings of environmental sound and pictures; in the scan they heard the sound and decided if it came from left or right of midline, and after the scan they reported whether picture came to mind during the scan. The new study followed the same involuntary memory procedure except that it included participants with PTSD and negative and neutral pictures. The pictures were not selected to be relevant to the participants' traumas or to their intrusive memories.
Twenty-seven participants agreed to take part in this additional study. They gave written informed consent for a protocol approved by the Duke University Medical Center Institutional Review Board. All participants were traumaexposed, right-handed, fluent English speakers, with normal or corrected-to-normal vision. We limited participants to those who were trauma exposed because we were asking about reactions to traumas; however, this should not make our sample very different from the general adult USA population, which is 85% trauma exposed [Kilpatrick et al., 2013; Roberts et al., 2011] . Participants were excluded if they had any contraindications to MRI (e.g., metallic implants), a head injury with loss of consciousness, any psychiatric diagnoses other than PTSD, or were currently taking psychotropic medication. The participants were all screened for PTSD by a staff member trained at the Veteran's Administration Hospital to administer the Clinician Administered PTSD Scale (CAPS) [Blake et al., 1995] , a standard test for determining PTSD, for clinical and research purposes. The index traumas for the CAPS for the participants with and without a resulting PTSD diagnosis were: injury, illness, or accident (4, 4), sexual assault (3, 4), injury or death to a family member or friend (2, 4), physical assault (4, 0), witnessed others death (0, 1), and abortion (0, 1).
Four participants were excluded due to excessive motion. Our criterion was any scan with >5 mm of motion or participant with more than 5% of their total scans with between 3 and 5 mm, though the four excluded participants actually had more than 10% of their total scans >5 mm of motion or more than 30% of their total scans >3 mm of motion. The remaining participants had a mean age of 21.74 (SD 5 3.32, range 18-31). Twelve were male, 13 were White, 5 were Black, and 5 were Asian. Their scores on the CAPS were (M 5 31.74, SD 5 21.74, range 0-79); 11 met the criteria for current PTSD.
Materials
To adapt the STs to our study, we formed modified Standardized Tests (mSTs) in the following manner. We kept items and response scales on all five questionnaires as close as possible to the original sources, though more liberties were taken with the General Knowledge questions, which had not been used as a standardized individual differences test. All response scales were reduced to a four-point rating scale to match the four response keys on the button box used in the scanner. Most scales were initially five-point scales and for these we removed the middle category. This left the PCL with the four response options: not at all, a little bit, quite a bit, and extremely. For the CES, we added labels of disagree and agree to the existing extreme values of totally disagree and totally agree.
We included 20 items for each mST in each of three runs in the scanner. Because there were only 60 items for each mST, we did not attempt to divide the mSTs into subscales. The PCL and CES each have 20 items, so in each run participants responded to a different stressful or traumatic event. Participants had nominated three negative events during earlier testing, described in the beginning of the Participant section. The order of presentation of these events was randomized for each participant.
For Attachment and Neuroticism, we selected 60 items from multiple STs because no one standardized test had enough items. For these, the items from each standardized test were given in the order they appeared in the standardized test, but items from the various tests were interspersed so that each run had an approximately equal number of items from each test. The 60 Neuroticism items included all 48 Neuroticism items from the NEO Personality InventoryRevised (NEO-PI-R) [Costa and McCrae, 2008] , all 8 Neuroticism items from the Big-5 Inventory [John et al., 1991] , and the 4 items that had the least direct overlap with the other two tests from the Generalized Anxiety Disorder 7-item (GAD-7) scale [Spitzer et al., 2006] . Items from the latter two tests were changed to begin with statements such as "I am often" or "I often feel" to match the NEO items in form. Participants responded on a scale of disagree strongly, disagree a little, agree a little, and agree strongly, modified from the NEO. The 60 Attachment items included all 36 items of the Experiences in Close Relationships Inventory (ECR) [Brennan et al., 1998 ] and the 24 of the 30 items of the Relationship Styles Questionnaire (RSQ) [Griffin and Bartholomew, 1994] that had the least direct overlap. Participants responded on a scale of strongly disagree, slightly disagree, slightly agree, and strongly agree, which were scale items 1, 3, 5, and 7 on the 7-point scale used by the ECR.
We devised the 60 General Knowledge items from existing norms from a college student population [Tauber et al., 2013] . The response scale was wrong, probably wrong, probably right, and right, with approximately half of the items changed to be incorrect using common errors published in the norms. As a way of increasing attention to the task, we used a pseudorandom order for the items; several obviously incorrect items occurred early in the first run to alert the participants that not all items would be correct.
In each of the three runs, we used the same order of General Knowledge, Attachment, Neuroticism, CES, and PCL to stress to the participants that the same five types of questions were being asked repeatedly. We started with the control task which asked about the widest range of information, then went to the two mSTs that asked about the participants' general tendencies in a wide range of situations, before the two mSTs that asked about specific stressful events. We chose this order to minimize the chances of the specific events affecting responses to questions about more general behavioral tendencies.
Procedure
Before entering the scanner, we asked participants to think of the three most negative events they had experienced. They gave these events a short name and wrote a paragraph to describe the event. The names were used later to cue the memory about which the participants answered the PCL and the CES. We informed the participants that they would be asked to respond to five types of questions and that these would repeat three times. We then gave instructions on the button box scales, provided instructions for and examples of each question type, and explained that for two scales, the event given would be selected from one of the negative experiences that they listed previously. Participants were also informed that each item would appear by itself for 5 s, then with a scale for 1.5 s, and that they should try to respond while the scale was on the screen, but that they could also respond after the scale disappeared.
In the scanner, the timing and instructions for each type of question appeared at the beginning of each block of 20 questions and a screen indicated the breaks between the runs. We blocked the items by questionnaire type to keep the procedure as close as possible to the actual taking of the STs outside the scanner and to allow any effects lasting for seconds after an item to carry over to items of the same questionnaire type most of the time. For the PCL and CES, each run had the full mST; for Neuroticism and Attachment, the 20 items in each run were a reasonable approximation of the number of items in the various tests used to measure these concepts.
We determined the timing of the presentations of the items using pilot testing to ensure participants had enough time to answer each question. We did not allow responses in the first 5 s to encourage participants to think about each question rather than simply guess and wait for the next trial. The jittered 3 s break after each question allowed a relaxed but not boring pace.
fMRI Acquisition and Analysis
Imaging, preprocessing, and basic analysis
Imaging was conducted on a 3 T GE MR750 MRI scanner (GE Healthcare, Waukesha, WI) with an eight-channel head coil. Head motion was minimized with foam pads, and participants wore earplugs to reduce scanner noise. The imaging sequence included a 3D plane localizer, followed by a T1-weighted structural acquisition and 3 runs of T2*-weighted (functional) acquisition. There was also a resting state scan at the beginning and the end of the run lasting 360 s. The resting-state runs were analyzed separately and will not be discussed further. Slice orientation was near-axial, parallel to the anterior-posterior commissure (AC-PC) plane. The T1-weighted anatomical images were 96 contiguous slices acquired with a high-3D fast inverse-recovery-prepared spoiled gradient recalled (SPGR) sequence, with repetition time (TR) 5 3.22 ms, echo time (TE) 5 8.2 ms, inversion recovery time (TI) 5 450 ms, field of view (FOV) 5 240 3 240 mm 2 , 1.9 mm slice thickness, flip angle 5 128, voxel size 5 0.9375 3 0.9375 3 1.9 mm, 256 3 256 matrix, and a parallel imaging with a selection factor of 2. The T2*-weighted echo-planar, functional images were sensitive to the blood oxygen level dependent (BOLD) signal. These were 34 contiguous slices acquired using a spiral-in sequence using sense imaging with a SENSE factor of 2, with TR 5 2000 ms, TE 5 30 ms, FOV 5 240 3 240 mm 2 , 3.8 mm slice thickness, flip angle 5 708, and voxel size 5 3.75 3 3.75 3 3.8 mm.
Preprocessing and analyses of functional imaging data were conducted with Statistical Parametric Mapping software (SPM12; Wellcome Department of Cognitive Neurology, London, UK), along with locally developed MATLAB (Mathworks, Natick, MA) scripts. The first 3 volumes of each run were discarded to focus analyses on volumes acquired during steady-state equilibrium. Images were corrected for time difference of different slices in a volume, spatially realigned to the first volume to correct for motion, spatially normalized to the Montreal Neurological Institute (MNI) template using a 12-parameter affine model, and then spatially smoothed with an 8 mm fullwidth at half-maximum Gaussian kernel. A high-pass filter was included in every model to correct for scanner drift. Participants with between 3 and 5 mm of movement in 5% or fewer of their total scans were corrected with ArtRepair (http://cibsr.stanford.edu/tools/ArtRepair/ArtRepair.htm).
A general linear model approach was used to analyze the preprocessed data. In the first-level analysis, each questionnaire was modeled using a 6 s boxcar function convolved with a canonical hemodynamic response function. The boxcar function begins at the onset of each trial. No global normalization was used. Serial correlations between volumes due to noise and unmodelled neural activity were corrected using an autoregressive AR (1) model implemented in SPM12.
Separability of neural activity of the five tests
The separability of neural activity among the five questionnaires was established using Partial Least Squares Discriminant analysis (PLS-DA), using the libPLS package to classify whole-brain contrasts of each test versus baseline.
r Taking Tests in the Magnet r r 5709 r Classification models were assessed by performing leaveone-subject-out cross-validation (training on data from all but one subject and testing on the five contrast images for the left-out subject, repeating the procedure until all subjects are used for testing). This approach provides generalized estimates of performance and prevents overfitting. Because the classification problem involved five classes, a one-vs-all approach was adopted, wherein a classification model was developed for each of the five questionnaires and labels were assigned by identifying the model with the highest score. The number of latent variables in the PLS models was determined by minimizing the fivefold cross-validation error within the training folds (i.e., data for all but one subject). A model was then fit using all available training data and evaluated on the five questionnaires from the test subject. Inference on classifier performance was assessed across all contrasts using the observed number of correctly predicted contrasts and the binomial distribution B(115, .2), whereas inference on accuracy for individual questionnaires was performed using a B(23, .2) distribution. This use of binomial tests on the average leave-one-out classification accuracy is relatively unbiased because classifiers are stable across folds [Kohavi, 1995] .
To evaluate the relationship between the semantic information contained in the questionnaires and the performance of the brain-based classifier, we compared the distribution of classification errors (across all unique combination of misclassification errors) to the semantic similarity of tests. Semantic textual similarity was computed between all pairs of test items using context-sensitive methods [Han et al., 2013] . Next, the average similarity of items from the 10 unique test pairs was computed and correlated (Spearman's rho) with the distribution of classification errors across subjects. Confidence intervals were estimated using bias accelerated bootstrapping. In this test, positive correlation coefficients indicate that tests with higher semantic similarity are more easily confused by the pattern classifier.
To map where increased brain activity led to classifications of each test type, bootstrap analysis was performed. In this procedure, the pool of contrasts was repeatedly resampled with replacement 5,000 times, with a new set of PLS models estimated on each iteration (with the number of latent variables fixed at 5). This procedure yielded a distribution of PLS regression coefficients at each voxel, which was converted to a z-score using normal approximation. Pearson correlation coefficients were computed to estimate the similarity between these classifier weight maps and univariate contrasts of each test versus baseline.
Comparisons of Attachment, Neuroticism, the PCL, and the CES to General Knowledge
Comparisons between each of the four questionnaires (Attachment, Neuroticism, PCL, and CES) versus General Knowledge were assessed separately in a second-level random-effect repeated-measure ANOVA. As visual and motor processes should be matched across conditions, this contrast should reveal differences in neural activity related to cognitive processes involved in taking these STs. The analysis was confined to voxels showing positive activation (P < 0.05, uncorrected) in the corresponding questionnaire compared to baseline to ensure that any differences reported were not driven only because of subtracting negative activation in the General Knowledge questionnaire. We calculated statistical thresholds by estimating the false positive rate using Monte Carlo simulation [Forman et al., 1995] . A simulation of 1000 iterations for each regression model produced a common threshold of cluster size 5 41 with uncorrected threshold of P < 0.001 at each voxel to fulfill a corrected false positive rate of a < 0.05, using AlphaSim implemented in the REST toolbox [Song et al., 2011 , Updated September 2015 . Smoothness was estimated using the residuals from the ANOVA model.
To facilitate reverse inference of neuroimaging results, automated decoding was performed using the decoding tool on the Neurosynth website (http://neurosynth.org) [Yarkoni et al., 2011] . In this analysis, we computed the correlation between thresholded statistical maps for each of the four mSTs compared against General Knowledge and a series of automated meta-analytic maps for terms that frequently appear in the neuroimaging literature.
We used MNI coordinates throughout. Coordinates extracted from the literature in the Talairach space were transformed into the MNI space [Lancaster et al., 2007] .
RESULTS AND DISCUSSION
Behavioral Results
The means and standard deviations for the individual subjects rating scales, which had response options of 1 to 4, were: General Knowledge 2.8, 0.3; Attachment 2.3, 0.5; Neuroticism 2.4, 0.4; the CES 2.5, 0.6; and PCL 1.6, 0.5. The reaction time differences in responding to the scales were not significant, F(4, 110) 5 1.55, P 5 0.19. The correlations among the means are shown in Table I . 
Separability of Neural Activity Among the Questionnaires
As shown in Figure 1a , the classifier performed well overall. Based on the neural activity of 22 of our 23 participants, we could classify correctly which of the five questionnaires the remaining participant was answering with an accuracy of 65%, where 20% is chance (P < 0.0001, binomial test). General Knowledge was the easiest to classify (100%, 95% CI [85.18% 100%], P < 0.0001), followed by Attachment (69.57%, [47.08% 86.79%], P < 0.0001), the PCL (60.87%, [38.54% 80.29%], P < 0.0001), Neuroticism (52.17%, [30.59% 73 .18%], P 5 0.0001), and the CES (43.48%, [23.19% 65 .51%], P 5 0.0025). There were no misclassification errors for General Knowledge and those for each of the four mSTs were fairly uniform among the other mSTs with a tendency for the PCL and Neuroticism and for the CES and Attachment to be more often misclassified with each other.
The correlation between the distribution of classification errors and the semantic similarity of test items indicated a high degree of similarity: rho 5 0.7195, 95% CI [0.29 0.96] (Fig. 1b) . These results confirm that the predictive information contained in patterns of neural activity was largely associated with the semantics of the tests, as opposed to unrelated factors that could be opportunistically leveraged in pattern classification. Given the separability of the brain activation and the correlation between the classification errors that did exist and the semantic similarity of the items, we turn to investigating how the four mSTs differ from the General Knowledge comparison task.
Activity of the Four mSTs Compared to General Knowledge
Differential levels of brain activation compared to General Knowledge were observed in three of the four mSTs. Details of these univariate comparisons are shown in Table  II and Figure 2 . The table and corresponding figure organize brain regions by their mSTs. These results are similar to those from pattern classification, as shown in Figure 3 .
To provide a post-hoc assessment of brain networks engaged during the mSTs, we quantified the degree of overlap between the four comparisons against General Knowledge and previously characterized functional networks (Table IV) . The proportion of activated voxels was computed using binary masks from two meta-analyses of Theory of Mind [Carter and Huettel, 2013; Mar, 2011] and two delineations of the default network using resting-state fMRI [Shirer et al., 2012; Yeo et al., 2011] . In the two default network masks, Attachment had 38 and 50% of voxels activated; in the two mentalizing network masks, 64 and 91%. The CES and PCL voxel activations were similar to each other, with roughly half the voxels activated as those reported for Attachment. Neuroticism had <1% of voxels activated in any of the four networks. Thus, brain regions engaged by the Attachment mST reliably activate the majority of areas that are typically observed during Theory of Mind tasks (and to a lesser degree the default network).
To provide further post-hoc characterization of our results, we conducted a data-driven assessment of terms associated with these maps from Neurosynth. The results are provided in Table III . Contrast maps and the full assessment of terms can be explored in full at the NeuroVault website (neurovault.org/collections/DLPYYJTY). Several patterns are consistent with the results of activation in the mentalizing and default networks, but from a very different form of analysis. The terms "theory of mind," "mentalizing," "mind," and "mental states" appear only for Attachment. The terms "default mode," "default," "mode," "mode network" appear for Attachment, the CES, and the PCL. Neuroticism does not contain any of these terms but does include terms that may be consistent with anxiety in that they focus on not acting including "inhibit," "stop signal," "cognitive control," and "inhibitory." The anatomical terms are generally consistent with the activity noted in Figure 2 . In general, the terms associated with these contrast maps, though not specified a priori, are reasonable and do not point to artifact-based explanations of our basic findings. The next section is organized by individual brain regions, noting similarities and differences in each brain region among the mSTs and interpreting activity in each brain region using meta-analyses of neural activity related to particular areas or tasks (see Table II for a list of clusters). We start with the angular gyrus (AG) because its interpretation led us to appreciate the importance of specific Theory-of-Mind (ToM) processes that helped us to interpret other regions.
Individual Areas Active for the Four mSTs Compared to General Knowledge
Angular gyrus
The AG appears in Attachment, the CES, and the PCL (see the left lateral column of Fig. 2 for these regions and to place the area shown in Fig. 4 in context) . Figure 4A shows the overlap of Attachment, the CES, and the PCL within the AG and surrounding area in more detail. We chose to probe activations with findings from meta-analyses of neural activation during ToM, or mentalizing tasks, because they often activate the AG and because such tasks involve the ability to understand one's own and other people's mental states and actions. Thus, such tasks have direct relevance to our mSTs. Figure 4B includes maps of activity for ToM from two meta-analyses-Carter and Huettel [2013] and Mar [2011] -that fell within the AG. As Figure 4B shows these ToM areas fell within the union of activity in our three individual differences measures. Carter and Huettel [2013] also produced reverse-inference maps for "intention," "mentalizing," and the more conceptually diffuse term of "social," not shown, that fell within the ToM area in the AG. Carter and Huettel [2013] and Mar [2011] measured other aspects of social cognition that did not overlap with the union of activity shown in Figure 4B , providing an indication of the specificity of the processes [Schaafsma et al., 2015] . For Carter and Huettel, these included eye gaze, facial expression and biological motion; for Mar, this included narrative comprehension, which did overlap with Attachment, but mainly in the temporal lobe rather than in the AG.
To explore more broadly the tasks that elicit activity in the AG to specify the tasks that commonly activate and do not activate the regions we found, we used Seghier's [2013] review of meta-analyses of the localization of multiple functions in the AG. It includes all meta-analyses he could find in this area independent of the comparisons they investigated. Based on 16 meta-analyses, he found 23 categories of tasks that had consistent activation within the AG. Two peaks, story-based and non-story-based ToM, were from Mar [2011] and are shown in the Figure 4B by their extent. Of the remaining 21 areas, only two, Spreng et al. [2009] 's ToM and Sperduti et al.'s [2011] external intention, showed peaks of activity within the boundary of the union of activity in our three tasks. External intention, which has a peak dorsal to the peaks from the other metaanalyses shown in Figure 4B , refers to tasks in which participants' finger or hand movements indicated the control of movement involved in an external agent; this seems Figure 4B , whereas those involved in ToM did. Thus, the ToM tasks that overlapped or had peaks within the union of activity in our three tasks are focused conceptually. However, it is possible that activations indicated by peaks and areas indicated by their extent near the boundary of our AG activation extended into or were active but just under our statistical threshold.
Because most of our activations are in areas previously found in ToM studies, we did a search for meta-analyses of ToM using fMRI, which added one paper, Bzdok et al. [2012] . This meta-analysis included three related categories: ToM tasks that required the prediction of the thoughts, intentions, and future actions of other people, morality tasks that required participants to make appropriateness judgments of the actions of one individual towards others, and empathy tasks that were intended to elicit the conscious experience of someone else's affective state. As shown in Figure 4B , all three had peaks of activity within the union of activity in our three tests. Also shown are two peaks from Denny et al. [2012] with similar coordinates for judgments about others either greater than a baseline or greater than judgments about the self.
Figure 2.
Whole-brain activations of (A) Attachment, (B) CES, and (C) PCL, versus General Knowledge (N 5 23). Activations were thresholded at P < 0.001 at the voxel level. Only clusters with more than 41 voxels are shown in the figure. r Rubin et al. r r 5714 r Thus, the area in the AG that was active in three of our mSTs appears often in tasks related to ToM. These ToM tasks include many neural processes and activate many areas outside of the AG, but there is a clear and fairly localized overlap between the area in the AG active during our mSTs tests and the activity in the AG caused by tasks related to ToM.
Outside the AG, areas active in ToM meta-analyses include most activity we note in the posterior cingulate cortex (PCC), dorsomedial prefrontal cortex (dmPFC), and the anterior temporal lobe (TL). This unexpected finding, which is described in more detail in the sections that follow, suggests possible ToM and social processes in the STs we used. It should also be noted that the meta-analyses we report are based on different search, selection, and analysis procedures applied to the same expanding corpus of research. Nonetheless, this corpus is substantial enough to produce reliable results with the more recent metaanalyses each analyzing over 60 studies.
Cingulate cortex
The cingulate cortex is active in Attachment and the PCL (Fig. 2) . Adopting the anterior, mid, and posterior division of the cingulate [Apps et al., 2013; PalomeroGallagher et al., 2009; Vogt et al., 1995] , all cingulate activations occur in the mid and posterior cingulate on the gyrus, which have different Brodmann's areas and thus different cytoarchitectonics than the anterior and the sulcal regions.
The PCC is part of the mentalizing network outlined by Mar [2011] , which includes cingulate cortex that overlaps with our Attachment activity for both story-based and non-story-based ToM. Moreover, peak coordinates from (24, 252, 31) are both located in this overlapping area. Because the PCC is also a key node in the default network, it has generally been assumed to be involved in thought that occurs when the mind is free to wander. These thoughts include autobiographical memories and future events, which are related to the type of cognitive processes evoked by our mSTs [Buckner et al., 2008; Buckner and Carroll, 2007; Raichle, 2015] . It has also been suggested that the PCC is central to cognitive processes involved in being attached to or caught up in one's memory [Brewer et al., 2013] . This can be seen as an alternative way of describing the CES in that the CES is a scale measuring the perceived centrality of the memory of a negative event to one's life, which correlates about 0.55 with PTSD symptom severity . The mid cingulate was active in the PCL. The gyrus of the mid cingulate cortex is involved in a variety of functions, but especially those related to social cognition [Apps et al., 2013] .
Paracentral lobule
The paracentral lobule is active bilaterally in the CES and PCL. We could not find any meta-analyses for this region. Several studies of PTSD using a variety of tasks found areas that overlap our paracentral gyrus activity. Shin et al. [2001] found an area in the left paracentral lobule (peak: 210, 231, 43) that was more active in Vietnam combat participants with PTSD than those without. Garrett et al. [2012] found an area in the left paracentral lobule (peak: 213, 227, 46, 52 voxels) in youth with PTSD symptoms and a history of interpersonal trauma compared to controls. Hennig-Fast et al. [2009] found an area in the paracentral lobule (peak: 22, 235, 50, 348 voxels) that was more active for traumatized compared to nontraumatized participants. This leaves us with three interpretations. The first is that we are observing effects related to motor activity. This is unlikely because in all five tests the motor activity is matched and reaction times did not differ among the five tests (F(4, 110) 5 1.5, P 5 0.2). The second interpretation is that this area is affected by PTSD or the effect of specific traumas in a way and under conditions we do not yet understand. However, as described in the Relation of Mean Scores and Activity section, there was no effect of the PCL score or CAPS on our results. The third interpretation is that the paracentral lobule activity is a chance finding or one with a small effect size that occasionally is observed.
Dorsomedial prefrontal cortex
The dmPFC was active in Attachment. Figure 2A shows the dmPFC activation in relation to all other activity in Attachment. Figure 5 shows the overlap of the Mar [2011] Denny et al. [2012] , unlike other meta-analyses, distinguish between judgments about the self versus others, which is especially relevant here because Attachment stresses how the self relates to others. When self and other judgments are compared as shown in Figure 6A ,B, other > self overlaps with Attachment, whereas self > other does not but is uniformly ventral to Attachment. For regions in which both self and other judgments are greater than baseline, as shown in Figure 6C , Attachment activity is mostly within that of the metaanalysis regions, except for a dorsal PFC region on the right. Thus, Attachment likely relates both to self and other judgments but is best described by regions in which judgments of others produce more activity than judgments of self. Figures 4 and 5 offer support to the activity from the Attachment mST being related to ToM judgments, especially those about others.
Left anterior middle and inferior temporal gyrus
There are five peaks of activity in two clusters in the left temporal gyrus, all for Attachment. Strong support for the involvement of the anterior temporal lobes in social cognition comes from lesion studies in animals, neuropsychology, and neuroimaging [Olson et al., 2013; Rice et al., 2015; Wong and Gallate, 2012] . This typically includes memory for other people and their relationships, social language, and social behavior. Most reviews find little evidence for laterality effects in the anterior temporal lobes in general or specifically for social cognition [Rice et al., 2015; Wong and Gallate, 2012] or for more specific localization within the anterior temporal lobes; however, some reviews support more precise localization. Specifically, these reviews found a region that overlaps with ours for a variety of ToM tasks that did not include the paradigm of understanding stories about ToM problems [Mar, 2011; Olson et al., 2007 Olson et al., , 2013 . Thus, the strong left lateralization and lack of activity in the superior temporal gyrus that we observe are not supported by the reviews but seem specific to the current results. The left lateralization in the anterior temporal lobes may be driven by general left lateralized cognitive processes such as language, ToM, and autobiographical memory [Kim, 2012] . For the other left lateral activations, as reviewed, the left lateralization is consistent with the literature.
General Issues Regarding Activity of the Four mSTs Compared to General Knowledge
Relation of mean scores and activity
To investigate whether the mean scores on the four mSTs affected the activity that occurred when participants answered test items during the scans, we correlated the average of each participant's ratings over all 60 items rated for each of the mSTs with the activity in the clusters [Carter and Huettel, 2013; Mar, 2011] and the left AG region activated by the union of Attachment, the CES, and the PCL in this study. Peak activities are shown for other meta-analyses.
r Taking Tests in the Magnet r r 5717 r shown for that mST. Of the 8 clusters that have a mST > General Knowledge in Table II , two were significant at the uncorrected 0.05 level. To see if PTSD symptom severity affected the activity shown, we correlated the participants' CAPS scores from prior to their scans with the activity of each of these 8 clusters. Again, two correlations were significant at the 0.05 level. None of these four clusters survived correction for multiple comparisons. If the mean ratings of any of the individual participants on any of the four mSTs or the CAPS had effects on processes involved in producing the clusters shown in Table II , the effects were too small to observe here. Differences in neural processes might be observed with more statistical power, but there is no a priori theoretical reason to assume that people who score at different levels on an ST use or do not use different neural processes; they could be using either the same or different processes to make different responses. In sum, to a first approximation, the neural correlates of the cognitive and affective processes involved in completing the four mSTs are independent of scores they produce and of PTSD symptom severity.
Alternatives to the use of a single comparison task
After demonstrating that the different questionnaires elicited differentiable brain activation through pattern classification, all the remaining analyses reported, which described and interpreted their activations, were based on comparisons to the single comparison task of General Knowledge. For these analyses, we restricted the analysis to voxels showing positive activation (P < 0.05, uncorrected) in the corresponding questionnaire compared to baseline. Nonetheless, given that this is the first study of its kind, we wanted to ensure the selection of this comparison task was not primarily responsible for our results. Therefore, in addition to the qualitative observation that our four mSTs, while often overlapping, activated different neural regions, we conducted two additional lines of analysis. First, we compared our mSTs to each other rather than comparing each mST to the same baseline. The purpose of these comparisons is to show that differences occur using a variety of baselines, not to try to interpret or speculate about each of the differences. Table V includes these comparisons grouped by the less active baseline cluster. As shown in Table V , when our mSTs were compared to each other instead of General Knowledge, many areas showed differential levels of activation; all mSTs had at least one area greater than and at least one area less than another mST. These differences indicate that it is unlikely that our results were caused by using General Knowledge as the baseline.
Second, we performed an analysis examining the direction of the signal change in regions that exhibited differences between mSTs and General Knowledge to determine whether deactivation in General Knowledge was driving these findings. The left AG and the PCC are significantly active when comparing General Knowledge with Attachment, the PCL, and the CES as shown in Figure 7A ,B. However, the PCC is a key node in the default network [Buckner et al., 2008] and so it is expected that it will be deactivated in General Knowledge, a task involving semantic memory, because default mode network regions are typically deactivated during task performance, unless the task involves self-referential thought. This is what we observe. One could argue that this below baseline activity is an artifact that is driving our results or that, as would be expected from theoretical considerations, our standardized tests differ from tests of semantic memory. Given the other evidence presented, especially the activity in the PCC during comparisons of these three mSTs with Neuroticism, we prefer the latter interpretation for the PCC. For other key areas such as the dmPFC and left temporal pole, shown in Figure 7C , there is little General Knowledge deactivition to subtract.
The limited activity for Neuroticism
Three of the four mSTs showed considerable activity above the General Knowledge comparison: the PCL, CES, and Attachment tests. As shown in the previous section, when we compared Neuroticism to each of the other three mSTs using the same methods and statistical thresholds as we did for the General Knowledge baseline, there was activity only in the occipital cortex when compared to the CES. Thus, although Neuroticism is key to understanding personality, is the main personality dimension in many clinical disorders, and is associated with activity in brain regions related to anxiety that could reasonably be expected to be differentially active when items that measure it were being rated, we did not find effects for it. One reason could be that the neural changes are smaller in magnitude for Neuroticism and so require more power than was needed for the other mSTs.
GENERAL DISCUSSION
Summary
To our knowledge, this is the first attempt to study the neural activity underlying the processes used in taking STs. We showed differential brain activity across our four mSTs and our control task using a pattern classification analysis that clearly demonstrated differences that cannot be attributed simply to reading and making multiplechoice decisions. Our methods and analyses were rigorous, allowing us to exclude many alternative explanations of the activity we found. We had no studies of test-taking from which to draw predictions regarding anatomical localization, but activity could be related to existing metaanalyses of fMRI studies of processes related to areas identified for our mSTs. There were meaningful interpretations based on meta-analyses for all areas except for the paracentral lobule, for which we could not find a metaanalysis. An important finding was the degree to which areas found in meta-analyses of ToM coincided with the activity we found for our mSTs. Although the activity compared to General Knowledge in three of our mSTs was different, the PCL, CES, and Attachment had most of their activity in regions that overlapped with the mentalizing network, and only in a fairly focused subset of the mentalizing network. This relationship was also supported by decoding analyses performed with Neurosynth, which revealed a positive correlation between the Attachment contrast and meta-analytic maps of related terms including "theory (of) mind," "mentalizing," and "mind." These results stress the mentalizing and social nature of this test. Conversely, it provides a new way to view the default and mentalizing networks in terms of STs related to PTSD, such as the PCL, CES, and Attachment, tasks that had not been used to probe it [Schaafsma et al., 2015] . In particular, not only are these networks related to social and philosophical ToM concepts [Andrews-Hanna et al., 2014] , but also to test-taking in terms of answering questions probing clinical and individual differences concepts as shown here. These alternative views of the same neural substrates broaden the behavioral scope of established cortical networks and offer a way to better understand them by using converging evidence. One important question for future work is whether the default and mentalization networks would show similar activation associated with answering other psychometric tests or whether this activation is specifically associated to the tests included here.
The STs we used were developed with great care, validated over many behavioral studies, and have large literatures relating them to other tasks and behavior. Interpretations of the processes people use in completing them are informed by those literatures. Both the overlap of activity in the mPFC for Attachment and the activity shown in the mPFC in metaanalyses in which there was more activity in tasks about others compared to the self [Denny et al., 2012] (Fig. 7) are examples. Moreover, the ToM tasks in the meta-analyses that coincided were ones that had obvious relevance to their mSTs, whereas less relevant ToM tasks did not coincide. We do not expect ToM tasks to be relevant to all STs, but for the included mSTs and for other clinical disorders this observation warrants further investigation.
The results reveal a considerable amount about processes involved in answering STs related to PTSD. Areas active while taking the PCL included the AG and PCC. These areas overlap partially with activity during answering the CES and Attachment, but the PCL had additional mid cingulate activity. In contrast, the CES and Attachment had activity in areas that the PCL did not. Such partial overlap holds promise for finding areas that are common to and unique to these STs, suggesting hypotheses about common and unique processes. It also indicates a method and analysis that may be useful in domains other than PTSD. For now, we note that our results suggest the importance of social processes in answering individual differences tests related to PTSD; independent evidence exists for social processes in PTSD itself [Charuvastra and Cloitre, 2008; Ogle et al., 2015] .
LIMITATIONS
While introducing a new approach with potentials for significantly expanding our knowledge of psychometric test-taking, this study also involves a number of limitations for future research to consider. First, the four mSTs consisted of questions that were aggregated from existing scales and adjusted to fit the fMRI environment. Given that these adjustments were quite minor, we do not believe they have affected the results in any serious way. Second, to mimic the natural conditions for answering STs, we presented questions associated with each ST in blocks, because this is how each test would be answered in a natural context. Our results therefore do not clarify whether similar results would be obtained if questions associated with the four STs were randomly interspersed with one another during test-taking in the scanner. Third, future research using the present paradigm should consider including greater sample sizes to allow more robust estimates of effects. Although the sample size of 23 was sufficient to show reasonable, test-related regions, much larger samples would reveal other neural activity, allow other analysis techniques, allow subgroups differing in diagnosis or other individual differences to be compared, and in general would produce more definitive results. More specifically, we did not have enough participants with and without a diagnosis of PTSD for statistical comparisons; this is now generally accepted to be at least 20 per group for comparisons that are not a result of random assignment. In addition, increased sample sizes and the inclusion of populations with different symptoms and diagnoses would allow correlations among neural activity and individual differences measures of the participants taken outside of the imaging environment to be investigated more easily. Fourth, because brain imaging during STs is a new paradigm introduced here, we were limited in the conclusions we could draw by a lack of studies of STs taken during neuroimaging from which specific activity could be predicted. A future literature of brain imaging studies of the processes involved in answering STs would extend the present work allowing specific predictions and triangulation on the processes underlying STs. Although a lack of prior research limited specific anatomical predictions, our study is an initial demonstration for lines of research developing theoretically and practically important test-taking neuroimaging paradigms.
FUTURE DIRECTIONS
There is a wealth of possible extensions to this research; we list a few examples. First, our study is an example of bridging levels of analysis related to mental health. In an attempt to understand psychopathology in terms of continuous differences in underlying processes as opposed to distinct diagnostic categories, the Research Domain Criteria (RDoC) system of integrating of levels of analysis has been established. The levels are genes, molecules, cells, circuits (the fMRI level we have been studying), physiology, behavior, self-reports (including STs), and paradigms (https://www.nimh.nih.gov/research-priorities/rdoc/constructs/rdoc-matrix.shtml). Thus, both this study and those we see as future studies are a direct analysis of selfreport measures using the circuits level. Systematic examination of STs in a large homogenous sample that included participants with a range of disorders and comorbidities seems to be one obvious way to advance the goal of bridging levels of analysis in mental health.
Second, one important finding from this study was that the default and mentalization networks were associated with answering STs related to PTSD, that is, the PCL, CES, and Attachment. Future research should clarify the extent to which this finding extends beyond these three tests. For example, will similar activations of the default and mentalizing networks be seen in relation to answering other STs involving retrospective assessments of one's own behavior and mental states, such as STs addressing symptoms of depression, autobiographical memory, and mood states, or are these findings specific to the tests included in this study?
Third, related to the previous point, the findings stress that taking our mSTs activates area common in a subset of ToM tasks. Many of these tasks are related to deficits in ToM in PTSD including empathetic responding, recognizing facial emotions, and answering questions about social relations that were implicit in videos; deficits that in the context of family situations have been related to interpersonal violence, marital functioning, and intergenerational transmission of traumas [Lanius et al., 2014] . Thus, although we cannot claim that the activity in taking tests is directly related to having PTSD, the results draw attention to ToM deficits that could serve to increase the frequency of traumas and a decrease in social support that would help to alleviate symptoms. Similar deficits of ToM in major depressive disorder [Bora and Berk, 2016] and anxiety disorders [Washburn et al., 2016] , which are often comorbid with PTSD, could have similar effects.
Fourth, studies varying both populations (e.g., ages, gender, clinical diagnosis, extremes of ability on the STs being investigated), experimental manipulations (e.g., pharmacological, mood change, sleep deprivation, and provocation studies), and manipulations of the test material would allow inferences we could not make. For example, we know that adolescents and older adults differ in the influences of their social groups and in risk-taking in ways that are relevant to the onset of addictions. Examining STs that measure these concepts while varying the age of the participant, either continuously or between groups, might provide insights into the development of the cognitive and emotional neural processes involved. However, it is also possible to include experimental manipulations that randomly assign participants to conditions, in which their social group or risky behavior is primed by the materials presented before or even while the mSTs are being taken. Combining a range of populations with experimental manipulations such as these is standard for many fMRI studies. For STs, it would open a way to answer questions about underlying neural processes in test-taking in a novel and efficient manner.
Fifth, we have concentrated on paper-and-pencil type standardized tests. However, this could be extended to structured interviews, including interviews done by a trained clinician, such as the CAPS used here to diagnose PTSD. For the fMRI environment, head movement is an issue, but no verbal responses are needed from the participant. Timing would be to the words spoken by the interviewer and manual responses of the participant to indicate a response or that they are finished thinking about what the interviewer said. Just as little is known about the neural processes of taking of STs, little is known about the neural processes that underlie interviews. Given the findings of social areas being involved in the mSTs used here, the effects of having an actual person met before entering the scanner, and of systematic variation of the age, gender, race, ethnicity, professional status, or other aspects the interviewer and how they match to the participant would be especially relevant.
Sixth, given the longstanding and politically and practically charged controversies over the meaning of test scores in education and job selection, we could add another level of analysis by examining whether participants with extreme scores recruit different patterns of neural activity. Observed differences in the neural processes could provide insights into test-taking behavior and skills. Online feedback using fMRI or electrical recordings might be able to change these. For STs that measure abilities and achievements, we often have additional knowledge about their neural substrates because the items are tasks that are r Rubin et al. r r 5722 r often studied independent of their role in STs. Verbal and subject-specific STs used in college and postgraduate admissions, especially those that measure vocabulary, are examples. For such ability and achievement tests, the added knowledge from the task itself should make many of the above manipulations easier to interpret. For instance, what we know about the neural basis of word meaning from neuroimaging and neuropsychology could be used to understand differences in the neural activity of verbal ability and achievement STs. Variables not thought to be specific to the neural substrates of the ability and achievement STs being tested, such as those related to sleep deprivation or stereotype threat, could be manipulated to ask if neural activity decreases in task-relevant areas and increases in areas related to the manipulation. Because ability and achievement tests are among those most often involved in current political debates about testing, providing such neural-and behavioral-level evidence would be timely and important.
Seventh, the methods used here also have the promise of assessing when specific STs are inappropriate for specific populations. For instance, it is well known that mentalization abilities are reduced in borderline personality disorder and in autistic populations. To the extent that answering specific psychometric tests recruits brain areas associated with mentalization, this might suggest that such tests may be less suitable for such populations or need modification. Here the neuroimaging would suggest investigations of causal relationships as the next step to address these issues. It may even be possible to inform when specific STs are inappropriate for specific populations based on the neural overlap of regions needed for the STs and areas that are damaged or that fail to function fully in a population. Decisions about the appropriateness of STs made on such neural bases would require much more neuroimaging evidence including neurally based norms established in an appropriate reference population. For any practical use, the efficacy of the neural findings for diagnosis and treatment would have to exceed that of behavioral measures. Nonetheless, this remains a potential goal for future research. In addition to the deficits in mentalization, other possible examples include concussions, early childhood deprivation leading to insecure attachment or general cognitive loss, and neuropsychological diagnoses. In all cases, the threshold for accepting evidence that affects treatment is much higher than and involves more ethical issues than research aimed at scientific understanding; it is a much more ambitious and distant goal.
CONCLUSION
We provide what we believe is the first systematic attempt to study the neural activity underlying the processes used in taking STs, tests which are carefully developed and tested behaviorally and which affect individuals' lives in important ways. The results provide an initial demonstration that STs can be studied productively using the techniques of human brain mapping. In our study, a pattern classification analysis classified correctly which questionnaire a participant was taking based on other participants' neural activity. The correlation between the distribution of classification errors and the semantic similarity of the test items indicated a high degree of similarity, demonstrating that the predictive information contained in patterns of neural activity was largely associated with the semantics of the tests, as opposed to unrelated factors that could be opportunistically leveraged in the pattern classification. Comparisons of our four mSTs to a General Knowledge baseline yielded systematic results that could be interpreted in terms of existing meta-analyses of neural activity in similar tasks and activated regions.
Turning to the content of our findings, an important result was that nearly all the activity in our mSTs coincided with areas found in meta-analyses of ToM. The activity in the PCL, CES, and Attachment compared to General Knowledge were different from each other, but all had most of their activity in regions that overlapped with the mentalizing network, and only in a fairly focused subset of the network that had obvious relevance to the particular mST. This novel finding stresses the mentalizing nature of included tests. A second finding was that the neural correlates of the cognitive and affective processes involved in completing our mSTs were independent of the scores they produced and of the participant's PTSD symptom severity. Thus, people who scored at different levels on the PTSD-related mSTs or who had different degrees of symptom severity did not vary on the neural processes they used. Both findings provide novel, theoretically and practically important information.
Our results point to many other areas where human brain mapping could make significant contributions. By including both a range of participant populations and experimental manipulations, standard procedures for fMRI research that we did not use in this first demonstration study, many questions become tractable. Applications are possible in probing the neural processes involved in STs related to academic and professional knowledge and abilities, personality and other traits, opinions and attitudes, health, and other areas. Applications are also possible to study how the neural processes are affected by individual differences factors related to the people taking the test, as well as their training and test-taking conditions. Moreover, uncovering differences in neural processes associated with different populations and different conditions would render it possible to decide whether the test results across such factors are measuring similar neural processes and can be fairly compared to each other.
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